lular ATP plays an important role in ischemic preconditioning (IPC) through the activation of P 2y purinoceptors. This study examined whether ATP-stimulated P 2y purinoceptors are coupled to pertussis toxin (PTX)-insensitive G protein and whether activation of this pathway enhances myocardial protection afforded by IPC. The rat was treated with PTX for 48 h, and the heart was then isolated and buffer perfused. The heart underwent IPC by three cycles of 5-min ischemia and 5-min reperfusion before 25 min of global ischemia. Isovolumic left ventricular function was measured, and functional recovery at 30 min after reperfusion was taken as an end point of myocardial protection. PTX pretreatment partially inhibited functional protection by IPC. Treatment with 100 M 8-(p-sulfophenyl) theophylline (SPT) during IPC had no further effect on PTX-induced inhibition of functional protection by IPC, whereas suramin (300 M) or reactive blue (RB) (10 M) completely abolished myocardial protection in the preconditioned heart pretreated with PTX. Supplementation with adenosine (30 M), ATP (30 M), or UTP (50 M) significantly enhanced IPC-induced functional protection, although preconditioning with these nucleotides without IPC had no protective effect. Adenosine-enhanced IPC was inhibited by pretreatment with PTX and SPT but not by suramin or RB, whereas ATP-enhanced IPC was inhibited by suramin or RB in combination with PTX pretreatment. On the other hand, UTP-enhanced IPC was not affected by PTX pretreatment but was inhibited by suramin or RB. Adenosine supplemented IPC without PTX pretreatment and ATP supplemented IPC with PTX pretreatment were not affected by nitric oxide synthase inhibitor N -nitro-L-arginine methyl ester (100 M). Although the protein kinase C inhibitor Ro318425 (0.3 M) or tyrosine kinase inhibitor genistein (50 M) had no significant effect on the functional protection afforded by adenosine-supplemented IPC without PTX pretreatment and ATP-supplemented IPC with PTX pretreatment, the combination of Ro318425 and genistein attenuated functional protection afforded by both the purinoceptor agonist-supplemented IPC. These results suggest the crucial involvement of PTX-sensitive and -insensitive G protein coupled purinoceptors in enhanced IPC by supplementation with adenosine, ATP, and UTP. preconditioning; P 2 purinoceptors ACTIVATION OF G-PROTEIN-COUPLED receptors plays a pivotal role in eliciting ischemic preconditioning (IPC). G protein-coupled receptors are either pertussis toxin (PTX)-sensitive or -insensitive. Former receptors are coupled with Gi/o, which consists of heterotrimeric G protein G ␣␤␥ , whereas later receptors are coupled with Gq/11 family, which consists of the heterotrimetric G protein G␣ q . These receptors fulfill both distinctive and overlapping functions in mediating cellular responses. Activation of Gi/o-coupled receptors induces dissociation of G ␣ from G ␤␥ , which activates phospholipase C and a resultant generation of the second messengers D-myo-inositol 1,4,5-trisphosphate and diacylglycerol, leading to activation of protein kinase C (PKC). PKC activation is an essential step for mediating IPC in most studies (4, 42). On the other hand, signaling pathways linked with activation of G ␣q also converge at the level of phospholipase C (38), although the phospholipase C isoform coupled with G ␣q activation may be different (13, 52) .
IPC was inhibited by pretreatment with PTX and SPT but not by suramin or RB, whereas ATP-enhanced IPC was inhibited by suramin or RB in combination with PTX pretreatment. On the other hand, UTP-enhanced IPC was not affected by PTX pretreatment but was inhibited by suramin or RB. Adenosine supplemented IPC without PTX pretreatment and ATP supplemented IPC with PTX pretreatment were not affected by nitric oxide synthase inhibitor N -nitro-L-arginine methyl ester (100 M). Although the protein kinase C inhibitor Ro318425 (0.3 M) or tyrosine kinase inhibitor genistein (50 M) had no significant effect on the functional protection afforded by adenosine-supplemented IPC without PTX pretreatment and ATP-supplemented IPC with PTX pretreatment, the combination of Ro318425 and genistein attenuated functional protection afforded by both the purinoceptor agonist-supplemented IPC. These results suggest the crucial involvement of PTX-sensitive and -insensitive G protein coupled purinoceptors in enhanced IPC by supplementation with adenosine, ATP, and UTP.
preconditioning; P 2 purinoceptors ACTIVATION OF G-PROTEIN-COUPLED receptors plays a pivotal role in eliciting ischemic preconditioning (IPC). G protein-coupled receptors are either pertussis toxin (PTX)-sensitive or -insensitive. Former receptors are coupled with Gi/o, which consists of heterotrimeric G protein G ␣␤␥ , whereas later receptors are coupled with Gq/11 family, which consists of the heterotrimetric G protein G␣ q . These receptors fulfill both distinctive and overlapping functions in mediating cellular responses. Activation of Gi/o-coupled receptors induces dissociation of G ␣ from G ␤␥ , which activates phospholipase C and a resultant generation of the second messengers D-myo-inositol 1,4,5-trisphosphate and diacylglycerol, leading to activation of protein kinase C (PKC). PKC activation is an essential step for mediating IPC in most studies (4, 42) . On the other hand, signaling pathways linked with activation of G ␣q also converge at the level of phospholipase C (38) , although the phospholipase C isoform coupled with G ␣q activation may be different (13, 52) .
Involvement of Gi/o-coupled receptors in IPC has been well documented by several investigators, although the relative contribution of Gi/o-coupled receptors to IPC remains a matter of debate. Gi/o proteins have been implicated in cardioprotective effects of IPC in the isolated rat heart (15, 37) and in the intact rat, rabbit, and dog hearts (31, 41, 44) . Conflicting results have been reported by Liu and Downey (23) , who have demonstrated that preconditioning against infarction does not involve a PTX-sensitive G protein in the intact rat heart. Such a discrepant observation strongly suggests the involvement of both PTX-sensitive and -insensitive G proteins in IPC.
Our previous study (34) has demonstrated that adenosine receptors and P2y purinoceptors play a complementary role in mediating IPC. Adenosine A 1 receptors, a major adenosine receptor subtype involved in IPC, are exclusively coupled with PTX-sensitive Gi/o proteins (43) , whereas P 2y purinoceptors, which are preferentially stimulated by the physiological agonists UTP or ATP are known to be coupled with both Gi/o and PTX-insensitive G␣ q proteins (16, 32) or predominantly G␣ q protein (29, 46) , depending on species and cell types. It is therefore anticipated that IPC is mediated by PTX-sensitive adenosine receptors and PTXinsensitive P 2y purinoceptors in the rat heart. Extracellular adenosine has been thought to be derived predominantly from extracellular ATP in the preconditioned heart through hydrolysis by the ectonucleotidase system (18, 19) . If this is the case, a significant amount of ATP, the parent molecule of adenosine, should be released into the interstitial space during IPC and sequentially dephosphorylated to adenosine via the ecto-nucleotidase system, which is located on endothelial cells in the microvascular beds (6) . Our previous study (34) has demonstrated that IPC significantly increased interstitial fluid (ISF) ATP to a concentration comparable to or even greater than ISF adenosine in some hearts. Further analysis of ISF concentrations of ATP and adenosine revealed a reciprocal correlation between ISF concentrations of ATP and adenosine. Functional studies using antagonists against adenosine receptors and P 2y purinoceptors demonstrated that adenosine receptors and P 2y purinoceptors play a complementary role in mediating IPC. The present study has tested the additional hypothesis that P 2y purinoceptor-mediated preconditioning is coupled to PTX-insensitive G proteins, whereas that mediated by adenosine receptors is coupled to PTX-sensitive G proteins. To achieve this goal, we have examined relative contribution of PTX-sensitive adenosine receptors and -insensitive P 2y purinoceptors to myocardial protection afforded by IPC. We then tested whether preconditioning with adenosine and P 2y agonists, ATP and UTP mimic IPC or enhance myocardial protection conferred by IPC in a PTX-sensitive and -insensitive manner. Finally, we have investigated the role of nitric oxide (NO) and the signal-transduction pathways involved in PTX-sensitive and -insensitive G proteincoupled purinoceptor-mediated IPC. The results suggest crucial involvement of PTX-insensitive G proteincoupled P 2y purinoceptors in conventional as well as in enhanced IPC by supplementation with ATP and UTP in the rat heart. The results also suggest no obligatory role of endogenous NO but additive or synergistic interaction of PKC with tyrosine kinases in PTX-insensitive G protein-coupled P 2y purinoceptor-mediated IPC.
MATERIALS AND METHODS
Perfusion technique. Male Sprague-Dawley rats weighing 250-300 g were used in the present study. These animals received humane care according to the animal welfare regulations of the Kansai Medical University. The isolated and buffer-perfused rat heart model was prepared as described previously (34) .
A latex ballon was interted into the left ventricle through the left atrium to measure isovolumic left ventricular (LV) function. After the baseline measurement, the heart was treated with 1 M acetylcholine for 5 min to confirm blockade of Gi/o by PTX (23) . The heart was then perfused with normal Krebs-Henseleit buffer for 10 min to allow recovery of baseline functions before entering regular protocols. The balloon was filled with saline to produce LV end-diastolic pressure (LVEDP) of 5-10 mmHg at the baseline, and the balloon volume was kept constant throughout the experiment. Coronary flow (CF) was measured by timed collection of the coronary effluent. The hearts producing LV developed pressure of Ͻ80 mmHg or a heart rate of Ͻ240 beats/min at the baseline were excluded from the study. IPC was introduced by three repeated times of 5-min ischemia and 5-min reperfusion. The recovery of CF, rate pressure products (RPP), and LVEDP obtained 30 min after reperfusion was taken as an end point of myocardial protection because recovery of RPP and LVEDP was correlated well with cardiomyocyte necrosis in this model (26) .
Drugs. PTX was purchased from List Biological Laboratories (Campbell, CA). Each 50-g vial was reconstituted with 0.5 ml of sterile distilled water, mixed with 1.5 ml of phosphate-buffered saline, and administered as a dose of 25 g/kg ip 48 h before the study. Adenosine receptor antagonist 8-(p-sulfophenyl) theophylline (SPT; 100 M), and the structurally distinct P 2y purinoceptor antagonists suramin (300 M) or reactive blue (RB; 10 M) were included in the perfusion buffer 10 min before and during IPC, followed by 10 min of washout perfusion. The NO synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME; 100 M), the PKC inhibitor Ro318425 (0.3 M), and the tyrosine kinase inhibitor genistein (50 M) were included in the perfusion buffer for 40 min in the time-matched perfusion groups or 10 min before and during IPC, followed by 10 min of washout perfusion in the IPC groups. Ro318425 and genistein were dissolved in dimethyl sulfoxide with final concentrations Ͻ0.05%. Acetylcholine, SPT, ATP, UTP, and L-NAME were obtained from Sigma (Tokyo, Japan). Suramin and RB were purchased from Alexis (San Diego, CA) and Research Biochemical International (Natick, MA), respectively. Ro318425 and genistein were obtained from Calbiochem (La Jolla, CA) and Wako (Osaka, Japan), respectively.
Statistics. All numerical data are expressed as means Ϯ SE. Statistical analysis was performed with one-way ANOVA and Scheffé's multiple-comparison test. A value of P Ͻ 0.05 was considered to be statistically significant.
RESULTS

PTX reverses acetylcholine-induced bradycardia.
PTX blockade of Gi/o proteins was confirmed by elimination of bradycardia induced by acetylcholine (23) . The basal contractile function was not significantly different between PTX-pretreated and nontreated heart under Langendorff's perfusion. After the baseline measurements, the rat heart was administered 1 M acetylcholine for 5 min. In consecutive 113 PTXnontreated animals, acetylcholine caused a decrease of heart rate from 279 Ϯ 2 (ranging from 240 to 360 beats/min) to 153 Ϯ 3 (ranging from 86 to 232 beats/ min), whereas in consecutive 101 PTX-pretreated animals, the muscarinic response was 283 Ϯ 2 (ranging from 240 to 355 beats/min) at the baseline and 242 Ϯ 3 (ranging from 159 to 301 beats/min) after acetylcholine. The minimal heart rate of the mean Ϫ 2SD after the acetylcholine test was 182 beats/min in PTX-pretreated hearts. Therefore, PTX-pretreated hearts show-ing heart rate Ͻ182 beats/min after the acetylcholine test were excluded from the study.
PTX partially, but PTX plus suramin or RB completely, inhibits IPC-induced functional protection. Pretreatment with PTX had no significant effect on IPCinduced depression of RPP (Fig. 1A) , although administration of suramin or RB tended to mitigate IPC-induced depression of RPP in the heart pretreated with PTX. IPC had no significant effect on LVEDP in all groups of hearts (Fig. 1B) . PTX with or without SPT partially and with suramin or RB completely inhibited IPC-induced increase in CF (Fig. 1C) . Although pretreatment with PTX had no significant effect on the recovery of RPP, LVEDP, and CF compared with the control heart, IPC-induced improvement of LV function was partially but significantly inhibited by pretreatment with PTX. SPT had no further effect on the PTX-induced inhibition of functional improvement afforded by IPC, whereas the functional improvement was completely abrogated when suramin or RB was administered during IPC in the PTX-pretreated heart.
ATP exerts positive inotropic effect by pretreatment with PTX. To characterize the physiological responses produced by PTX-sensitive adenosine receptors and PTX-insensitive P 2y purinoceptors in the isolated rat heart, ATP, UTP, and adenosine were added to the perfusate buffer. ATP and UTP were employed to activate P 2y purinoceptors because P 2y purinoceptors are both adenine and uridine trisphosphate specific (33), although conflicting results still exist as to the cardiovascular effect of P 2y purinoceptor subtypes, i.e., P 2y2 or P 2y4 purinoceptors, which are activated by both ATP and UTP.
The addition of adenosine produced a negative inotropic effect (NIE) in a dose-dependent manner ( Fig.  2A) . Pretreatment with PTX significantly inhibited the adenosine-induced NIE, but the addition of suramin had no effect on PTX inhibition of adenosine-induced NIE. ATP also produced NIE comparable to adenosine in a dose-dependent manner (Fig. 2) . However, ATP produced a positive inotropic effect (PIE) in the heart pretreated with PTX. The PIE exerted by ATP in hearts pretreated with PTX was abolished by suramin or RB. In contrast with ATP and adenosine, treatment with UTP produced only PIE in a concentration-dependent manner. The PIE was not affected by pretreatment with PTX but was abolished by suramin or RB.
Adenosine increased CF in a dose-dependent manner (Fig. 2B ). The increase in CF induced by adenosine was abrogated by pretreatment with PTX, but the addition of suramin or RB had no effect on PTX-inhibition of adenosine-induced increase in CF. ATP increased CF with a magnitude similar to that observed with adenosine at the same concentration. CF was increased with an increasing concentration of ATP, giving rise to 60% increase in CF with 100 M ATP. The ATP-induced increase in CF was significantly attenuated by pretreatment with PTX and was completely abrogated by suramin or RB in the heart pretreated with PTX. CF was also increased by UTP in a concentration-dependent manner, but the magnitude Fig. 1 . Effect of pertussis toxin (PTX) on functional protection conferred by ischemic preconditioning (IPC). A: rate pressure product (RPP); B: left ventricular end-diastolic pressure (LVEDP); C: coronary flow. PTX (25 g/kg) was administered intraperitoneally 48 h before the study. 8-(p-sulfophenyl) theophylline (SPT) (100 M), suramin (Su) (300 M), or reactive blue (RB) (10 M) was administered 10 min before and during IPC (hatched boxes). Solid boxes represent ischemia. F, Control (n ϭ 7); E, PTX (n ϭ 6); OE, IPC (n ϭ 7); ‚, PTX ϩ IPC (n ϭ 6); s, PTX ϩ SPT ϩ IPC (n ϭ 6); ᮀ, PTX ϩ Su ϩ IPC (n ϭ 6); }, PTX ϩ RBϩ IPC (n ϭ 6). Each symbol represents means Ϯ SE. * P Ͻ 0.05, ** P Ͻ 0.01 compared with control; † P Ͻ 0.05, † † P Ͻ 0.01 compared with IPC.
of CF increase was much less than that observed with ATP and adenosine. The increase in CF induced by UTP was inhibited by pretreatment with PTX and was abolished by subsequent addition of suramin or RB.
Enhanced IPC supplemented with adenosine, ATP, or UTP. To further clarify the role of PTX-sensitive adenosine receptors and PTX-insensitive P 2y purinoceptors in IPC-induced functional protection, adenosine, ATP, and UTP were used as tools for pharmacological preconditioning. We chose 30 M adenosine and ATP because this concentration of adenosine and ATP increased ISF ATP and adenosine much higher than those induced by IPC but yielded only a modest NIE, which is acceptable for clinical setting of myocardial protection. UTP at a concentration of 50 M was chosen because this concentration of UTP produced PIE comparable to 30 M ATP in the PTX-pretreated heart and was thought to be equipotent with 30 M ATP in stimulating P 2y purinoceptors. Adenosine, ATP, and UTP were administered during IPC or a time-matched preconditioning period, followed by 10-min washout perfusion before 25 min of ischemia.
Preconditioning with adenosine and ATP depressed RPP but increased CF, whereas preconditioning with UTP increased RPP and CF (Fig. 3) . However, these hemodynamic changes were returned to the baseline after 10-min washout perfusion. On the sustained ischemia, LVEDP rose in these hearts with a time course and a magnitude similar to the control heart. Consequently, preconditioning with adenosine, ATP, and UTP had no salutary effect on the recovery of RPP, LVEDP, and CF. We then investigated whether supplementation with adenosine, ATP, and UTP with IPC could enhance functional protection afforded by IPC, providing that cardioprotection mediated by IPC requires not only G protein-coupled receptor stimulation but also unknown triggers induced by a brief period of ischemia and reperfusion. The appreciable changes in hemodynamics during the P 2y -supplemented IPC were that UTP significantly attenuated IPC-induced depression of RPP and all the purinergic agonists significantly augmented an IPC-induced increase in CF. These purinergic agonists-supplemented IPC significantly shortened the time to onset of ischemic contracture induced by IPC. However, IPC supplemented with adenosine, ATP, or UTP conferred superior functional protection over IPC, as indicated by enhanced recovery of RPP and CF and lowered LVEDP.
Role of PTX-sensitive and -insensitive G protein in enhanced IPC by supplementation with adenosine, ATP, and UTP. We then examined PTX-sensitive and -insensitive G protein involvement in enhanced IPC by supplementation with adenosine, ATP, and UTP (Fig.  4) . RPP, LVEDP, and CF were evaluated 30 min after reperfusion. Enhanced functional protection afforded by adenosine-supplemented IPC was abolished by pretreatment with PTX and SPT but not by suramin or RB. Additional slight inhibition of adenosine-enhanced functional protection was caused by suramin or RB after pretreatment with PTX. In contrast, enhanced functional protection afforded by ATP-supplemented IPC was not inhibited by PTX, SPT, suramin, or RB Fig. 2 . Effect of PTX, Su, and RB on adenosine-, ATP-, and UTP-induced changes in RPP (A) and coronary flow (B). PTX (25 g/kg) was administered intraperitoneally 48 h before study. Adenosine, ATP, and UTP at concentrations ranging between 10 and 100 M were administered in a cumulative manner. Su (300 M) or RB (10 M) was administered 10 min before addition of the purinoceptor agonists and was present throughout the dose-response study. Each symbol represents means Ϯ SE of 6 experiments. alone but was abrogated by PTX plus suramin or RB. On the other hand, UTP-enhanced IPC was not affected by PTX pretreatment nor SPT but was inhibited by suramin or RB.
Role of NO in PTX-sensitive and -insensitive G protein-coupled purinoceptor-mediated IPC.
Because NO may contribute to the early as well as to the late IPC (2, 3, 25), we have investigated the role of NO in PTXsensitive and -insensitive G protein-coupled purinoceptor-mediated IPC. Robust activation of PTX-sensitive or -insensitive G protein-coupled purinoceptors was performed by supplementation with adenosine or ATP during IPC in the absence or presence of pretreatment with PTX, respectively. Treatment with L-NAME before and during IPC, followed by 10 min of washout perfusion, had no significant effect on functional protection afforded by adenosine-supplemented IPC (Fig.  5) . Time-matched treatment with L-NAME without IPC did not modify functional recovery compared with the control heart. In addition, functional protection afforded by ATP-supplemented IPC after pretreatment with PTX also was not significantly affected by treatment with L-NAME.
Role of PKC and tyrosine kinases in PTX-sensitive and -insensitive G protein-coupled purinoceptor-mediated IPC. We have also investigated signal transduction pathways involved in IPC mediated by PTX-sensitive and -insensitive G protein-coupled purinoceptors with the use of PKC inhibitor Ro318425 and tyrosine kinase inhibitor genistein. Treatment with Ro318425 and genistein alone or in combination for 40 min, followed by 10 min of washout perfusion before 30 min of ischemia, had no significant effect on the functional recovery 30 min after reperfusion (Fig. 6 ). Functional protection afforded by adenosine-supplemented IPC was not significantly affected by treatment with Ro318425 or genistein alone. Similarly, functional protection afforded by ATP-supplemented IPC after pretreatment with PTX was not significantly inhibited by treatment with Ro318425 or genistein alone. On the contrary, functional protection afforded by adenosinesupplemented IPC without PTX pretreatment or ATPsupplemented IPC with PTX pretreatment was significantly inhibited by combined treatment with Ro318425 and genistein, although this treatment modality was more potent in inhibiting adenosine-supplemented IPC without PTX pretreatment than ATPsupplemented IPC with PTX pretreatment.
DISCUSSION
We (34) have previously shown that extracellular adenosine and ATP play a complementary role in IPC via activation of adenosine receptors and P 2y purinoceptors, respectively. Several lines of evidence ob- Fig. 3 . Effect of preconditioning with adenosine, ATP, and UTP and IPC supplemented with adenosine, ATP, and UTP on functional recovery. Adenosine (30 M), ATP (30 M), and UTP (50 M) were administered for 40 min (gray box) and excluded for 10 min before 25 min of ischemia. These purinergic agonists were also included 10 min before and during IPC (hatched boxes). Solid boxes represent ischemia. A: RPP; B: LVEDP; C: coronary flow. ϫ, IPC (n ϭ 7); E, adenosine (n ϭ 7); F, adenosine ϩ IPC (n ϭ 7); ‚, ATP (n ϭ 7); OE, ATP ϩ IPC (n ϭ 7); ᮀ, UTP (n ϭ 7); s, UTP ϩ IPC (n ϭ 7). Each symbol represents means Ϯ SE. * P Ͻ 0.05, ** P Ͻ 0.01 compared with IPC.
tained in the present study suggest further that IPC mediated by adenosine is coupled with PTX-sensitive G protein whereas that mediated by ATP is coupled primarily with PTX-insensitive G protein. Functional protection afforded by IPC was partially inhibited by pretreatment with PTX whereas it was completely abrogated by P 2y antagonist suramin or RB in combination with PTX pretreatment, indicating that PTXinsensitive component of functional protection is derived from P 2y purinoceptors. SPT exerted no additional inhibition of IPC-induced functional protection over pretreatment with PTX, suggesting that adenosine receptors are exclusively coupled with PTX-sensitive G protein. Supplementation with exogenous adenosine, ATP, and UTP during IPC enhanced functional protection afforded by IPC. Functional protection mediated by supplementation with adenosine was abrogated by pretreatment with PTX or STP, indicating that exoge- nous adenosine potentiated functional protection via activation of PTX-sensitive G protein-coupled adenosine receptors. In contrast, ATP enhanced IPC was not affected by PTX nor SPT but was abrogated by PTX plus suramin or RB, indicating that exogenous ATP potentiated functional protection via activation of both PTX-sensitive G protein-coupled adenosine receptors and PTX-insensitive G protein-coupled P 2y purinoceptors. The inability of suramin or RB to abolish ATPenhanced functional protection may be because there is a sufficient amount of ISF adenosine hydrolyzed from exogenous ATP that could strongly activate PTX-sensitive adenosine receptors. On the other hand, UTPenhanced IPC was not affected by PTX pretreatment nor SPT but was abolished by suramin or RB, indicating that exogenous UTP potentiated functional protection exclusively via activation of PTX-insensitive G protein-coupled P 2y purinoceptors.
PTX-sensitive G protein involvement in IPC remains a controversial issue. Liu and Downey (23) reported that pretreatment with PTX failed to block the protective effects of IPC in the rat heart, whereas the same group of investigators demonstrated the blockade of infarct size-limiting effect of IPC by PTX in the rabbit heart (44). The species difference in response to PTX in preconditioned hearts is consistent with the fact that adenosine receptors do not play a significant role in IPC in the rat heart (22), whereas they do play an important role in IPC in the rabbit heart (24). These observations support the notion that PTX-insensitive signaling pathways are operated in IPC in the rat heart. However, it has been reported (41) even in the rat heart that PTX completely blocked IPC-induced infarct size limitation. These conflicting observations may be related to the difference in activity of the ecto-nucleotidase system, which determines ISF adenosine and ATP as proposed in the previous study (34) .
We have employed ATP and UTP to stimulate P 2y purinoceptors. It is known that ATP and UTP stimulate common and distinct P 2y purinoceptor subtypes. Studies that use expression cloning (33) indicate that ATP stimulates most potently P 2y2 and weakly P 2y4 purinoceptors, whereas UTP stimulates P 2y2 and P 2y4 purinoceptors equally. Thus P 2y2 purinoceptors are likely a common subtype potently stimulated by ATP and UTP. In the present study, ATP and UTP provoked an increase in CF in a dose-dependent manner, although the potency was much greater with ATP. When the coronary vasodilatation response by ATP was tested in the heart pretreated with PTX, the increase in CF was blunted. Because the adenosine-induced increase in CF was abrogated by pretreatment with PTX, a greater increase in CF observed with ATP compared with UTP was thought to be due to the formation of adenosine. It should also be noted that UTP or its degradation products may provoke coronary vasodilatation through certain PTX-sensitive P 2y purinoceptor subtypes because PTX pretreatment blunted UTP-induced increase in coronary flow. However, the increase in CF by ATP and UTP is at least partially attributed to the stimulation of PTX-insensitive P 2y purinoceptors because suramin or RB eliminated ATPor UTP-induced increase in CF in the PTX-pretreated heart. Because P 2y2 receptor stimulation provokes vasodilatation (53) whereas P 2y4 receptor stimulation provokes vasoconstriction (30) , it is suggested that P 2y2 receptors are the most likely candidate for suramin-or RB-sensitive CF increase by ATP and UTP. Other candidates of P 2y purinoceptor subtypes responsible for -nitro-L-arginine methyl ester (L-NAME) on functional protection conferred by adenosine-supplemented IPC without PTX pretreatment and ATP-supplemented IPC with PTX pretreatment. L-NAME (100 M) was administered 10 min before and during IPC. Time-matched L-NAME treatment was performed for 40 min, followed by 10-min washout perfusion. Each bar graph represents means Ϯ SE of 6 or 7 experiments. A: RPP; B: LVEDP; C: coronary flow.
the PTX-insensitive and the suramin-or RB-sensitive coronary vascular response are the P 2y1 receptor and P 2y6 receptors, which are potently stimulated by ADP and UDP after degradation of ATP and UTP, respectively. Although P 2y6 receptor stimulation produces vasoconstriction (30), P 2y1 receptor stimulation could produce vasodilatation (28) . Therefore, involvement of P 2y1 receptors in coronary vasodilatation response produced by ATP cannot be excluded.
PTX blunted NIE produced by adenosine and converted ATP-induced NIE to PIE. Because UTP also produced PIE in the heart pretreated with PTX and suramin or RB completely abrogated PIE produced by ATP and UTP, it is suggested that this PIE is mediated through PTX-insensitive P 2y purinoceptor stimulation. It has been shown (35) that ATP and UTP produces PIE through the signaling pathway independent of phosphoinositide response, which is commonly provoked by all of the known agonists coupled with Gi/o or Gq/11. It is therefore suggested that the mechanism of PIE produced by ATP and UTP in the PTX-pretreated heart is distinct from that mediating coronary vasodilatation.
Although preconditioning with adenosine, ATP, or UTP failed to elicit cardioprotection, supplementation of these purinergic agonists successfully enhanced functional protection afforded by IPC. Similar cardioprotection by combination of adenosine and IPC has been reported by Toyoda and associates (45) who demonstrated that adenosine-enhanced IPC exerted antistunning and anti-infarct effects, whereas bolus infusion of adenosine alone conferred only anti-infarct effect in the sheep heart. The inability of adenosine to induce functional protection is not due to insufficient concentrations of ISF adenosine because addition of 10 M adenosine increased an ISF concentration of aden- osine nearly twofold of that observed with IPC (34) . We have employed adenosine with a "preconditioning" but not "pretreatment" modality. Because IPC was capable of mediating myocardial protection even after ISF adenosine had been washed away (34) , continuing presence of adenosine into the sustained ischemia appears not to be necessary. The cardioprotective effect of pretreatment with adenosine against ischemic injury is associated with reductions of ATP depletion, acidosis, and accumulation of calcium that may be attributed to slower rate of energy consumption (8) . The ATP saving effect of adenosine is consistent with the fact that adenosine slows the onset of ischemic contracture (8, 17, 21) . The present study has, however, clearly shown that adenosine preconditioning had no effect on ischemic contracture and provided no functional protection when adenosine was eliminated from the buffer before the sustained ischemia. IPC, in contrast, shortened the time to onset of ischemic contracture and increased the magnitude of contracture but conferred myocardial protection. Lasley and Konyn (20) and Cave (5) documented similar unsuccessful cardioprotection by adenosine used as a preconditioning modality. Thus the mechanism of cardioprotection mediated by pretreatment with adenosine and that mediated by IPC may be fundamentally different. This assumption may not necessarily contradict the hypothesis that adenosine is involved in IPC. Rather, it is suggested that the cardioprotective effect of IPC is elicited by adenosine in concert with other yet-unidentified triggers produced by a brief ischemia and reperfusion.
Our present study suggests that both PTX-sensitive and -insensitive G protein-coupled P 2y purinoceptors can stimulate the common signaling cascade in augmenting IPC. Supplementation with adenosine, ATP, and UTP during IPC conferred similar enhancement of functional protection. Adenosine-supplemented IPCinduced functional protection was abolished by PTX and SPT, and we did not note additional inhibition of functional protection by suramin or RB, suggesting that adenosine-supplemented IPC-induced functional protection is mediated predominantly by PTX-sensitive G protein-coupled adenosine receptors. In contrast, ATP enhanced IPC was not inhibited by PTX, SPT, suramin, nor RB alone but was abrogated by PTX plus suramin or RB. On the other hand, UTP-enhanced IPC was not affected PTX nor SPT but was abolished by suramin or RB. These observations provide a rationale for employing agonists that stimulate either PTXsensitive or -insensitive G protein-coupled receptors during IPC to enhance cardioprotection.
The fact that ischemic contracture was attenuated by treatment with P 1 and P 2y purinoceptor antagonists suggests that enhanced ischemic contracture by IPC was a purinoceptor-triggered process. This idea was supported by the fact that IPC-induced acceleration of ischemic contracture was enhanced by supplementation with adenosine, ATP, and UTP and was attenuated by pretreatment with PTX and suramin or RB. It is known that contracture usually occurs at the cessation of anaerobic glycolysis. A recent study (40) suggests that inhibition of ischemia-induced activation of p38 mitogen-activated protein (MAP) kinase by IPC inhibits anaerobic glycolysis and enhances ischemic contracture, but reduces intracellular Ca 2ϩ overload by inhibiting acidosis and subsequent Na ϩ /H ϩ exchange activation. Thus IPC-induced inactivation of p38 MAP kinase during index ischemia may represent a mechanism of accelerated contracture and paradoxical alleviation of ischemia and reperfusion injury afforded by IPC. This attractive hypothesis remains to be investigated.
We have investigated the role of NO in preconditioning with PTX-sensitive and -insensitive G protein-coupled purinoceptor stimulation. Treatment with L-NAME at a concentration (100 M) known to abolish NO synthesis in comparable experimental models (9) failed to inhibit functional protection afforded by adenosinesupplemented IPC without PTX pretreatment and ATP-supplemented IPC with PTX pretreatment. These results tend to suggest that endogenous NO is not a necessary component in early IPC mediated by both PTX-sensitive and -insensitive G-protein-coupled purinoceptor stimulation in our experimental model. The contribution of NO in early IPC has been controversial. This is in contrast with a well-established role of NO in late IPC (2, 3) . The argument for the involvement of NO in early IPC was supported by the observations that L-NAME attenuated IPC-induced protection against cell death, LV dysfunction, and arrhythmias (7, 25, 49) . In contrast, the NO synthase antagonist was unable to abrogate protective effects of IPC against cell death, LV dysfunction and arrhythmias (27, 36, 51) . Possible explanation for these divergent observations with respect to the contribution of NO to early and late IPC may be attributed to differences in species and protocols and phases of IPC studied. In some experimental models, NO acts as an essential trigger of preconditioning, whereas in others there are alternative pathways that are able to bypass NO-induced signal transduction to elicit preconditioning for cardioprotection.
We then investigated signal transduction pathways downstream of PTX-sensitive and -insensitive G protein-coupled purinoceptors because our present study suggested that both Gi/o and Gq/11 proteins equally contribute to IPC. Recent studies have demonstrated that PKC and tyrosine kinases play a crucial role in IPC, although relative positions and interactions of these signaling pathways remain elusive. Baines et al.
(1) have hypothesized that tyrosine kinases, especially MAP kinases, are downstream of PKC in the rabbit model of IPC, whereas Vahlhaus at al. (47) and Fryer et al. (11) have proposed that PKC and tyrosine kinases exist in parallel pathways to confer cardioprotection in the pig and the rat models of IPC, respectively. Our study demonstrated that combination of PKC inhibitor Ro318425 with a tyrosine kinase inhibitor genistein but not each alone attenuated functional protection afforded by adenosine-supplemented IPC without PTX pretreatment and ATP-supplemented IPC with PTX pretreatment. The results tend to suggest that PKC and tyrosine kinases responsible for mediating both PXT-sensitive and -insensitive IPC exist in a parallel position and that these pathways act in an additive or a synergistic fashion to provoke powerful cardioprotective signaling, although specific PKC and tyrosine kinases involved in IPC remain to be identified. This notion is consistent with PKC signaling complex hypothesis in that receptors for activated C kinase acts as adaptors for not only PKC but also for enzymes of other signaling pathways that exist in parallel to activation of PKC (39) . Such a signaling module formation could amplify activities of another kinase. Vondriska et al. (50) have documented that association of Src tyrosine kinases with PKC-⑀ in the conscious rabbit model of NO-induced late preconditioning dramatically increases Src tyrosine kinase activity. The opposite may be true for Src tyrosine kinase-dependent increase in PKC-⑀ activity, because Hattori et al. (14) have demonstrated that inhibition of Src tyrosine kinases by PP1 abrogated PKC-⑀ activity in the rat model of early IPC. Thus simultaneous activation of Src tyrosine kinase and PKC-⑀ can increase activities of another kinase in a synergistic fashion, although these kinases are activated by independent triggers. The PKC-⑀-Src module is merely a paradigm of signaling complexes. Perhaps many more PKC-tyrosine kinase-signaling complexes are recruited on IPC that is thought to render IPC-induced cardioprotective signaling pathways redundant and resistant to inhibition by conventional doses of PKC or tyrosine kinase inhibitors. IPC mediated by PTX-sensitive and -insensitive G proteincoupled purinoceptors appears to share such signaling complexes downstream of Gi/o and Gq/11 proteins, respectively. However, the fact that combined treatment with Ro318425 and genistein was more potent in inhibiting adenosine-supplemented IPC without PTX pretreatment than ATP-supplemented IPC with PTX pretreatment suggests that there may be additional signaling pathways besides PKC and tyrosine kinases in Gq/11 protein-coupled purinoceptor-mediated IPC. This possibility remains to be investigated.
In conclusion, the results of the present study suggest that PTX-sensitive adenosine receptors and -insensitive P 2y purinoceptors are involved in early IPC. These purinoceptor stimulations alone do not successfully trigger cardioprotection, but in concert with yetunidentified triggers produced on a brief ischemia and reperfusion, they integrate cardioprotective signaling through a mechanism independent of NO but dependent on a cooperative interaction of PKC with tyrosine kinase signal-transduction pathways.
